Background: There are two fundamental forms of cell death: apoptosis and necrosis. Molecular studies of cell death thus far favor a model in which apoptosis and necrosis share very few molecular regulators. It appears that apoptotic processes triggered by a variety of stimuli converge on the activation of a member of the caspase family, such as caspase 3, which leads to the execution of apoptosis. It has been suggested that blocking of caspase activation in an apoptotic process may divert cell death to a necrotic demise, suggesting that apoptosis and necrosis may share some upstream events. Activation of caspase is preceded by the release of mitochondrial cytochrome C. Materials and Methods: We first studied cell death induced by f3-lapachone by MTT and colony-
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Abstract
Background: There are two fundamental forms of cell death: apoptosis and necrosis. Molecular studies of cell death thus far favor a model in which apoptosis and necrosis share very few molecular regulators. It appears that apoptotic processes triggered by a variety of stimuli converge on the activation of a member of the caspase family, such as caspase 3, which leads to the execution of apoptosis. It has been suggested that blocking of caspase activation in an apoptotic process may divert cell death to a necrotic demise, suggesting that apoptosis and necrosis may share some upstream events. Activation of caspase is preceded by the release of mitochondrial cytochrome C. Materials and Methods: We first studied cell death induced by f3-lapachone by MTT and colonyformation assay. To determine whether the cell death induced by ,B-lapachone occurs through necrosis or apoptosis, we used the PI staining procedure to determine the sub-GI fraction and the Annexin-V staining for externalization of phophatidylserine. We next compared the release of mitochondrial cytochrome C in apoptosis and necrosis. Mitochondrial cytochrome C was determined by Western blot analysis. To investigate changes in mitochondria that resulted in cytochrome C release, the mitochondrial membrane potential (delta psi) was analyzed by the accumulation of rhodamine 123, a membrane-permeant cationic fluorescent dye. The activation of caspase in apoptosis and necrosis were measured by using a profluorescent substrate for caspase-like proteases, PhiPhiLuxG6D2.
Results: 13- We and others have reported that ,B-lapachone (3,4- 
pyran-5,6-dione), a plant product (5, 6) , triggers apoptosis in human prostate cancer cells, including hormone refractory cells, and in leukemia HL-60 cells (7, 8) . We also observed cell death in other human cancer cells including those from ovary, colon, lung, and breast cancers (7) . The recent advances in concepts and methodologies for the study of apoptosis have allowed us to investigate the nature and the mechanism of cell death induced by J3-lapachone. Unlike camptothecin, there is no increase of wild-type p53 in (3-lapachoneinduced cell death processes (8) , nor does the presence of mutant p53 affect sensitivity to (3- 
Apoptosis and Necrosis Assay
Apoptosis was determined by two independent assays. One determined the sub-Gl fraction by propodium iodide (PI) staining of nuclei as described previously (9) . The other measured the membrane changes determined by the externalization of phosphatidylserine (10) . Briefly, cells were treated with (3- 13 -lapachone (data not shown). These results suggest that induction of cell death by 13-lapachone is through a cell death circuit rather than being secondary to proliferation blockage.
Induction of Apoptosis and Necrosis by ,B-Lapachone
Among human carcinoma cell lines, DNA laddering was previously observed only in human prostate cancer cells (7) . To determine whether death of other cells induced by (3-lapachone occurs through necrosis or apoptosis, we used the PI staining procedure to determine the sub-Gl fraction, as a test for apoptosis (7) (8) (9) . As shown in Figure 2A , sub-Gl cells were detected in human ovary, colon, and lung cancer cells. We determined externalization of phosphatidylserine, as measured by Annexin V staining (10), in these cells. As shown in Figure 2B (Fig. 2A) . Furthermore, there was no significant Annexin V staining, although cell death occurred (Fig. 2B) . These results suggest that P-lapachone induces necrotic cell death rather than apoptosis in breast cancer cells.
Cell Death Induced by f-Lapachone Is Preceded by Cytochrome C Release One of the upstream events in the apoptotic process is the release of cytochrome C from mitochondria into the cytoplasm where it engages in a cascade of interactions that lead to the execution stage of apoptosis (3). To determine if ,B-lapachone triggers cytochrome C release, cells were analyzed for cytoplasmic cytochrome C at 1 hr after drug treatment. As shown in Figure 3 , cytochrome C was released into cytoplasm shortly after ,B-lapachone treatment when cells were fully viable by trypan blue exdusion and MIT assay, suggesting that cytochrome C release is an early event in ,B-lapachone-induced apoptosis as well as necrosis. The mechanism of cytochrome C release is unclear. ,3-lapachone might induce mitochondrial membrane permeability transition (PT), or perturb the outer mitochondrial membrane. Our experiment with rhodamine 123 showed that cytochrome C release is accompanied by the hypopolarization of the mitochondrial membrane. We failed to detect a transient hyperpolarization state as observed under some conditions that perturb the outer mitochondrial membrane (4) . However, it is still unclear whether this transient hyperpolarization state truly exists or is an artifact of the experimental method (14) . Our observation that overexpression of bcl-2 failed to prevent apoptosis induced by f3-lapachone (8) further supports perturbation of the outer mitochondrial membrane as the mechanism.
The recently developed apoptosis assays, analyzing caspase activation and the externalization of phosphatidylserine, have allowed us to identify ,3-lapachone-induced cell death as involving apopotosis or necrosis. Our observation that ,3-lapachone induces necrotic cell death in MCF-7 cells is consistent with reports that this cell line lacks caspase 3, owing to an inactivating deletion of nucleotides 54-178 within the coding region (15 The wide-spectrum activity and novel mode of action make 13-lapachone a potential anti-cancer agent. Apoptosis induced by 13-lapachone through acting on the mitochondrial cytochrome C-caspase process is consistent with the observation that f3-lapachone-induced cell death is not affected by p53 status (7, 8) . Thus, prevalent mutations in p53 genes in human tumors are not expected to affect their sensitivity to f3-lapachone. Alterations in the biochemistry of mitochondria have been associated with cell carcinogenic transformation phenotypes (13 
